We thank Faccioli, Vanini, Paolucci, and Stupazzini for their interest in our articles Yoshimura et al., 2003; hereafter I and II). We will refer to their comments (Faccioli et al., 2004) as FVPS. The primary aim of FVPS is (1) to illustrate the implementation by FVPS of the domain reduction method (DRM) described in I and II for the hybrid finite-element-spectral-element (FE-SE) method, and (2) to show that the use of SEs can lead to dramatic reduction in computer processing unit (CPU) time and storage requirements, without loss of accuracy, with respect to the traditional FEs used in II. We will show (1) that since the FE-SE method is a particular case of the FE method (FEM), the DRM described in I and II, and in our earlier work (Loukakis, 1988; Loukakis and Bielak, 1994) , provides the complete theoretical framework needed for the application of the DRM to FE-SEs, and, thus, the section titled "Method" in FVPS is essentially redundant; and (2) that while SEs are ideally suited for problems in which the exact solution is smooth within every SE, the advantages of the SE method (SEM) over other methods for problems that exhibit discontinuities and singularities is far from having been demonstrated. To our knowledge, there is no evidence thus far that the SEM is superior to the FEM for every possible wave propagation problem in elastodynamics, since each method has its advantages and disadvantages. We will argue that, in fact, the more traditional FEM has important advantages over the particular SEM implementation by FVPS, and that, most likely, it is more efficient than their SEM implementation for realistic, multiscale problems in ground motion simulations that involve large, complex geological structures with irregular geometry and highly heterogeneous materials.
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FVPS pointed out that the DRM traces its roots to a formulation by Herrera and Bielak (1977) . Indeed, these authors treated the problem of earthquake soil-structure interaction as a diffraction problem, and established conditions for traction and displacement jumps at an interface between the soil and the structure in a continuum. We should emphasize that this result did not directly make it possible to define the seismic input in practical applications. It served, however, as a basis for the work of Bielak and Christiano (1984) who, operating within the context of the FEM and having in mind 2D problems in an elastic halfspace, derived an expression for an effective force applied at the interface between the soil and the structure, which incorporated correctly the effect of the seismic excitation. Illustrative 2D examples of this methodology were later presented in Cremonini et al. (1988) . To evaluate the effective force using this formulation, however, it is necessary to determine the distribution of the free-field tractions on the interface between the soil and the structure, in addition to the displacements (velocities and accelerations). Loukakis (1988) and Loukakis and Bielak (1994) introduced an important modification to this formulation that removed the need to evaluate tractions, at the expense of storing displacements on a oneelement-thick band of elements adjacent to the interface between the soil and the structure. This procedure resulted in equation 2.14 in Loukakis (1988) (repeated as equation 1 in FVPS). While this equation is correct, its original derivation was flawed. Loukakis (1988) and Loukakis and Bielak (1994) , as well as the earlier work by Bielak and Christiano (1984) , introduced certain (unknown) forces Q f (FVPS, Fig.  1 ) that must be applied at the exterior boundary in order to produce the free-field displacements within the background structure, and made the assumption that theses forces are unaffected by the presence of the localized geological features. Besides leaving the forces Q f undetermined, more importantly this assumption is valid, of course, only if the exterior boundary is located far from the region of interest. This difficulty was resolved in I by including explicitly into the original computational domain the seismic excitation through equivalent body forces. (We also corrected in I several typographical errors that appeared in the earlier presentations). Thus, the derivation given in I is the first rigorously correct derivation of the DRM. In order to make a crisp presentation of the theory in I that would include only the essential ingredients, we left the damping (attenuation) terms out of the equations of motion, explaining instead that the addition of viscous damping would result in added terms proportional to velocity in these equations. We also omitted the terms that couple the exterior boundary with the band of elements where the effective forces are applied, as such coupling is generally nonexistent in practical problems.
The results presented in I, as well as those in Bielak and Christiano (1984) , Loukakis (1988) , and Loukakis and Bielak (1994) , apply to any earthquake wave-propagation problem for which the FEM is used to discretize the governing elastodynamic equations in the region exterior to the geological feature of interest, when these equations are expressed solely in terms of the displacement field and its temporal and spatial derivatives. Moreover, the formulation can be extended to more general problems, such as fluidstructure interaction.
In our numerical examples we used linear tetrahedral elements for the spatial discretization, and lumped masses (one-fourth of the element mass at each corner), as we mentioned in I. FVPS used spectral hexahedral elements for the spatial discretization. The SEs are a particular type of FEs that use piecewise high-degree polynomials for the spatial interpolation of the displacement field within an element. This method was introduced originally in computational fluid dynamics (Patera, 1984) , and has since gained increasing popularity in seismic wave propagation (e.g., Seriani et al., 1992; Cohen et al., 1993; Priolo et al., 1994, for 2D problems; and Faccioli et al., 1997 , Komatitsch, 1997 , Komatitsch and Vilotte, 1998 , Seriani, 1998 , Komatitsch and Tromp, 1999 , Paolucci et al., 1999 , Komatitsch et al., 2004 . An important virtue of this method is that it can achieve exponential convergence and, thus, very high degree of accuracy with few points per wavelength for smooth problems. In addition, the resulting element mass matrices are diagonal if one uses Gauss-Lobatto-Legendre numerical integration. As we had pointed out in I for the case of our lumped mass elements, the off-diagonal mass terms in expressions (9) in I for the effective forces drop out; thus, (9) reduces to terms that contain only the stiffness matrix. As FVPS indicate, this is also true for SEs. To summarize the discussion on the DRM methodology, we find it a little curious that FVPS have chosen to include in their comments the section called "Method," since their presentation is identical to ours. In fact, it essentially repeats what was presented in Loukakis (1988) and Loukakis and Bielak (1994) . The only difference is in the type of elements they used for their implementation. As we already mentioned, our derivations are valid for any type of finite elements, and, thus, encompass the SEs used in FVPS. We now turn to FVPS's comments on the apparent superiority of the results they obtained using SEs over those from standard FEs. We readily concede that for the two examples they considered, out of the four we presented in II, one achieves better performance with the SEM than with the traditional FEM. Both of these examples have simple geometry and mechanical properties, and thus permit the use of homogeneous hexahedral spectral elements, exclusively, to model the geological structure. That is, (1) the geometry is such that a mesh can be readily constructed using only hexahedral elements, and (2) the material properties within each element are homogeneous. Such problems can take full advantage of the theoretical capabilities of the SEM and attain high accuracy, though not necessarily exponential convergence due to the approximation of the required numerical integration. In fact, even in the case of homogenous but curved hexahedral elements there are integration errors related to curvature. Also, even though the SEM exhibits high spatial accuracy, the time integration in many applications, including those of FVPS, is only second-order accurate. This means that in the long run, the overall accuracy of the simulation is controlled by the time scheme. Thus, it is not surprising that even for problems with simple geometry and material property distribution, it has been found that five points per wavelength are sometimes required to attain sufficient accuracy Faccioli et al., 1997; Komatitsch and Tromp, 1999) . This compares with the 8-10 points per wavelength we have found are needed with our linear tetrahedral meshes. We should point out, in passing, that the number of points per wavelength does not provide a complete measure of the complexity of computation, as many more operations are involved in the SEM than in the FEM for a fixed number of points per wavelength. The exact comparison depends on the details of the implementation of the particular FEM and SEM. FVPS used also other metrics, such as CPU time and storage requirements, in comparing results. We will address those later.
Most practical applications in seismic wave propagation involve complex geological structures with highly heterogeneous materials. In such situations, it becomes much more difficult to construct meshes made up exclusively of hexahedra. By contrast, tetrahedral elements and the octree-based hexahedra discussed later make it possible to tailor the mesh size to the local wavelength. Perhaps more importantly, when one uses large high-order hexahedra, each resulting element must model the heterogeneous material properties of the medium. This can be done approximately with SEs if the material properties vary smoothly. However, if the mechanical properties vary abruptly within the element, this will have a detrimental effect on the convergence rate and accuracy of the simulation. This is because the actual solution is no longer smooth within the element, as is assumed in the approximation: in order to maintain the continuity of tractions, the gradient of the exact displacement must be discontinuous wherever there are jumps in the material properties. Since the discontinuous behavior in an element's interior cannot be captured by the high-degree polynomials used to approximate the solution within the element, the order of the approximation will deteriorate. In order to recover the proper approximations of discontinuous functions, various filtering procedures have been developed recently (Bernardi and Maday, 2001 , and references therein). On the other hand, if the material discontinuity occurs at interfaces between elements, the condition of continuity of traction becomes a natural interface condition that is satisfied automatically upon convergence. This makes it desirable to design meshes whose elements can more easily conform to both changes in geometry and material properties. Faccioli et al. (1997) and Casadei et al. (2002) developed a hybrid Reply FE-SE numerical code called Advanced Hybrid Numerical Solver for Elastodynamics (AHNSE) to address the meshing issue. However, for the two examples FVPS chose to model, the pure hexahedral SE version of the code was sufficient to model the geometry and material properties, due to their simplicity. Thus, the performance reported in FVPS cannot be assumed to hold for more complex examples.
In I and II, we were not specifically concerned with examining the computational performance of our particular implementation of the FEM. The purpose of the examples we presented was merely to verify the functionality of the DRM method in 3D and to illustrate it for typical applications of increasing complexity. Actually, the first three problems can fit on a single processor (even Step II of the fourth problem fits into one). The only reason we used multiple processors, rather than a single one, was to ensure that our methodology is sufficiently robust to apply it to the large-scale modeling of ground motion in realistic basins. We have conducted extensive tests of the scalability of our original tetrahedral-element methodology, using models of different resolution of the Los Angeles basin. The results can be found in Bao et al. (1998) . More recently, we developed an octreebased hexahedral low-order methodology that avoids forming and storing element stiffness matrices altogether. A brief description of the octree-based meshing and FE methodology, as well as an assessment of the performance and parallel scalability of the corresponding earthquake code, using models that vary in size from 134,500 to 101,940,152 grid points, on 1 to 3000 processors, is reported in Akcelik et al. (2003) . Our parallel implementation scales almost optimally for up to 2000 processors (87.4%) and 80% for 3000 processors on the Terascale System at the Pittsburgh Supercomputing Center.
When we originally submitted the manuscripts of I and II for possible publication, II contained only the first three idealized examples. One reviewer found the test with a homogeneous basin to be very limited, and strongly suggested that we include a test model with a larger, heterogeneous, basin. Based on this suggestion, we decided to develop the fourth example of the Los Angeles basin. This example represents a much more realistic model of the kind of geology one encounters in practice. Even the third example, not considered in FVPS, is somewhat more demanding than the first two, because of the presence of the hill with a thin weathered layer. It occurs to us that in order to have a meaningful comparison of the performance of the two methodologies under discussion (AHNSE and our particular FEM), it would be more appropriate to base it on a more realistic situation such as that afforded by the fourth example. This would require exercising more fully the capabilities of the hybrid FE-SE AHNSE code than those employed to solve the two simple problems considered in FVPS. Otherwise, assessing the relative performance of alternative computational methods based only on highly particular problems that bypass some of the common issues encountered in practice, such as complex geological structures with highly heterogeneous materials, tells only a small part of the story.
